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| INTRODUCTION
In eukaryotic cells, DNA is coiled around histones forming nucleosomes and making chromatin structures in the nucleus. 1 Two major forms of chromatin structures, heterochromatin and euchromatin, are closely related to the transcriptional activities of genes. Generally, the former is found in centromeres, telomeres, and transcriptionally inactive regions of genes, while the latter is found in regions where genes are actively transcribed. 2 In heterochromatin regions, chromatin forms higher order structures, and transcriptional repressors bind to the nucleosomes of | 3957 NARUSE Et Al.
heterochromatin, thereby limiting access of transcriptional activators to gene promoters.
Transcriptionally repressive modifications of histones, such as H3K9me2/3 and H3K27me3, are concentrated in the heterochromatin. 3 For example, H3K9me2/3 localizes to constitutive heterochromatin including centromeres, telomeres, and inactive genes that are silenced for prolonged periods. On the other hand, H3K27me3 mainly functions in facultative heterochromatin formation, repressing gene expression temporally, especially during the developmental process. [4] [5] [6] Recently, the co-occupation of certain euchromatic regions by H3K9me2/3 and H3K27me3 was reported in vitro and in vivo to silence gene expression in those regions. [7] [8] [9] [10] Both H3K9me2/3 and H3K27me3 are closely related to neural development and maintenance of neural cells. For example, reduction of H3K9me3 amounts by mutation of Eset, a gene encoding one of the H3K9 methyltransferases that is highly expressed in mouse developing brains and helps maintenance of the global and localized H3K9me3 amounts, results in lethal damage to cells due to overexpression of endogenous retroviral-like sequences known as intracisternal A-particle (IAP). 11 On the other hand, H3K27me2/3 regulates the expression amounts of genes related to cell fate determination in brains. In the mouse neocortex, knockout of Ezh2 or knockdown of Eed, which are responsible for the methylation of H3K27, upregulates Neurogenin1 expression in neural precursor cells, resulting in a delay in transition times of neural precursor cell differentiation from neurons to astrocytes. 12 In the brains of EMX1-Cre-mediated Ezh2 conditional knockout mice, Ezh2 is depleted before the onset of neurogenesis and advances the timing of neurogenesis and gliogenesis. 13 These studies suggest that H3K27me2/3 regulates neural gene expression in a complicated, stage-specific manner.
Heterochromatin protein 1 family members bind to H3K9me2/3 and localize to the heterochromatin to stabilize and spread the heterochromatin regions. 14 HP1 family members, identified in almost all eukaryotes, are characterized by a chromodomain (CD) and a chromo shadow domain (CSD) that are connected by an unstructured hinge region. 15 The CD of HP1 recognizes H3K9me2/3 specifically, but not H3K27me2/3. [16] [17] [18] The CSDs dimerize neighboring HP1s, forming an adapter that binds to other proteins. 19, 20 Recruitment of HP1 to H3K9me2/3 results in the expansion of the heterochromatic region in the vicinity of HP1-binding regions because HP1 also binds to heterochromatin-forming factors such as DNA methyltransferases, 21, 22 histone methyltransferases, [23] [24] [25] [26] and histone deacetylases. 27 The mammalian HP1 family consists of three members, HP1α, HP1β, and HP1γ, coded by Cbx5, Cbx1, and Cbx3 genes, respectively. 15 Their localization in the cell nucleus is different despite their high amino acid sequence similarity 28, 29 suggesting that each HP1 has unique functions as seen in gene knockout studies. [30] [31] [32] [33] [34] [35] In neural tissues, HP1β and HP1γ are involved in neural development. Mutations in HP1β cause defects in proliferation of nerve cell precursors accompanied by increased genome instability, reflecting the function of HP1β to stabilize heterochromatin. 30 Moreover, HP1γ mutation in Ca 2+ -and calmodulin-dependent protein kinase IIα -positive cells (ie, postmitotic cortical neurons) leads to impaired axonal and dendritic development, and abnormal projection of the callosal axons to the contralateral hemisphere of the cortex. 36 However, the molecular functions of HP1γ in neural cells are still unclear.
Here, we suggest the function of HP1γ as a suppressor of transcription of neuronal genes in mouse neural stem cells via histone modifications. Our data identified a previously unreported mechanism of HP1γ that protects the promoter sites of differentiated cell-specific genes against H3K27 demethylases to repress the expression of these genes in neural stem cells. This study identifies a novel relationship between H3K9me2/3 and H3K27me3 in the genome, repressing differentiated-cell-specific genes.
| MATERIALS AND METHODS

| Ethics statement
All mice were maintained under specific pathogen-free conditions at the Institute of Laboratory Animals, Kyoto University Graduate School of Medicine. All animal experiments were conducted according to the Fundamental Guidelines for the Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology of Japan, and were approved by the Animal Experimentation Committee of Kyoto University.
| Mice
The Cbx3 (HP1γ -coding gene) heterozygous mutant mice on 129B6 background were generated by a gene trap method as described previously. 32, 37 A Rosanβ -geo gene trap vector was inserted upstream of exon 2 of the Cbx3 gene. Expression patterns of HP1γ were monitored using X-gal staining. Cbx3 heterozygous mutant mice were crossbred to generate Cbx3 homozygous mutant (HP1γ KO) mice. HP1γ protein expression in HP1γ KO cells was almost completely absent, as described previously. 32, 37 HP1γ KO mice on C57BL/6 background were generated by backcrossing to C57BL/6 mice for more than 10 generations. The developmental stages of the embryos were determined according to the time after mating. The noon at which mating plug formation was detected was defined as E0.5.
| X-gal staining
X-gal staining was performed as described previously. 37 Briefly, the brains were fixed with 2% of paraformaldehyde (PFA) in phosphate-buffered saline (PBS), which was replaced with 20% of sucrose solution, and frozen in O.C.T. compound (Tissue-Tek 4583, Sakura Finetek, Tokyo, Japan). Frozen sections (8 µm) were refixed with 2% of PFA and 0.25% of glutaraldehyde in PBS, washed with PBS twice, and then stained with potassium ferrocyanide and potassium ferricyanide reaction buffer at 37°C.
| Magnetic resonance imaging (MRI) analyses
Mouse embryonic heads were fixed with 4% of PFA in PBS for 40 hours and three heads were immersed in PBS in a plastic cylinder. Cottons containing PBS were also placed in the container to avoid sample movement during the MRI. MRI scans were performed on a 7 T preclinical MR system (BioSpec 70/20 USR, Bruker Biospin MRI GmbH, Ettlingen, Germany) with a transmit-receive solenoid coil (inner diameter = 19 mm; Takashima seisakusyo Co., Ltd., Tokyo, Japan). The 3D T 1 -weighted MR images were acquired using a spoiled gradient echo sequence with the following parameters: repetition time = 200 ms, echo time = 4.442 ms, flip angle = 35°, field-of-view = 15.36 × 15.36 × 11.52 mm 3 , matrix size = 256 × 256 × 96, spatial resolution = 60 × 60 × 120 μm 3 , receiver bandwidth = 50 kHz, number of averages = 34, and acquisition time = 46 hours 25 minutes. The images were reconstructed with 60-μm 3 isotropic voxels using zero padding.
| Antibodies
Anti-neurofilament heavy polypeptide (ab4680), anti-β-III-tubulin (ab18207), anti-GFAP (ab7260), anti-histone H3 (ab1791), anti-H3K27ac (ab4729), anti-H3K4me3 (ab8580), anti-SUV39H2 (ab5264), anti-EZH2 (ab3748), anti-UTX (ab36938), anti-JMJD3 (ab38113), and AlexaFluor 488 anti-mouse IgG (ab150105) antibodies were purchased from Abcam (Cambridge, UK). Anti-GFAP (3670s) was purchased from Cell Signaling Technology (MA, US). Anti-H3K9me3 (07-442), anti-H3K9me2 (07-441), anti-H3K27me3 (07-449) antibodies were purchased from Merck-Millipore (Darmstadt, Germany). Anti-HP1γ antibody (730018) and anti-rabbit IgG-AlexaFluor 546 (A11010) were purchased from Thermo Fisher Scientific. Anti-SUV39H1 (39786) was purchased from Active Motif (CA, US).
| Immunofluorescence staining
Whole mount immunostaining analyses of diaphragms were performed as described previously, 30 in addition to using anti-rabbit IgG-AlexaFluor546. Neural stem cells (1 × 10 5 ) were cultured on 8-chamber Cell Culture Slide (SPL Life sciences, 30108) and fixed with an equal volume of 4% PFA/ PBS for 5 minutes, then the supernatant was removed and refixed with 4% of PFA/PBS for 20 minutes. For anti-histone antibodies and anti-HP1γ antibody, the cells were permeabilized with 0.3% of Triton X-100/PBS for 10 minutes. The cells were blocked with 5% of bovine serum albumin (BSA) in PBS with 0.1% of Tween-20 in PBS (PBST) for 1 hour. Immunostaining was performed with primary antibodies in 2% of BSA in PBST for 1 hour at room temperature. After staining with the primary antibodies, cells were washed with PBST three times and stained with secondary antibodies in PBST for 30 minutes. The cells were subsequently washed with PBST three times, and encapsulated with ProLong diamond with DAPI (Thermo Fisher Scientific, P36962). The signals were examined using IX71 fluorescence microscopy (Olympus) and BZ-X fluorescence microscopy (Keyence, Osaka, Japan). Optical sectioning and quantification of signals were performed using BZ-H3XF sectioning module and BZ-H3M measuring module (Keyence).
| Neurosphere culture
Neurospheres were prepared from the ganglionic eminence in the telencephalon of E14.5 embryos as described previously. 38 Neural stem/precursor cells were cultured in neurosphere medium (Neurobasal Medium: Thermo Fisher Scientific, 21103049, MA, US) with B-27 Supplement (Thermo Fisher Scientific, 17504044), 20 ng/ mL EGF (Peprotech, 315-09, NJ, US), 20 ng/mL basic FGF (Peprotech, 100-18B), Glutamax (Thermo Fisher Scientific, 35050061), 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific, 15070063), and 5 µg/mL heparin sodium salt (Sigma-Aldrich, H3149, MO, US) on Ultra-Low Attachment plates (Corning Costar, 3471, NY, US) or Low Attachment plates (Sumitomo Bakelite, MS-8006R, Tokyo, Japan). The neurospheres were disaggregated to single cells using Accutase (Innovative Cell Technologies, AT104, CA, US), and cell numbers were counted using Tali Image Cytometer (Thermo Fisher Scientific). Neural stem cells (4 × 10 5 ) were cultured in wells of a 6-well plate | 3959 NARUSE Et Al. for 7 days for the next passage. The diameters of neurospheres were measured using ImageJ version 2.0.0.
| Microarray analysis
RNA was prepared using the Agilent RNA Isolation Mini kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer's recommendations. The isolated RNA was quantified using a NanoDrop-1000 spectrophotometer and preliminary quality was monitored with the Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA). The quality of total RNA was assessed using the RNA 6000 Pico LabChip Kit (Bioanalyzer 2100). One-color microarray analysis was performed using the Agilent Mouse Whole Genome 44 k Oligo Microarray according to the Agilent 60-mer Oligo Microarray Processing Protocol (Agilent Technologies). The microarray data have been submitted to the GEO database (http://www.ncbi.nlm.nih.gov/geo/) and assigned the identifier GSE12 4705. These data were analyzed further with GeneSpring GX13.0 software (Agilent Technologies).
| Quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR)
Total RNA was extracted from embryos or cells using the RNeasy Micro Kit (Qiagen, 74004). Complementary DNA (cDNA) was synthesized using PrimeScript RT Master Mix (Perfect Real Time) (Takara Bio, RR037A, Shiga, Japan), and real-time PCR amplification was performed with a Thermal Cycler Dice Real Time System Single TP870 (Takara Bio) with SYBR Premix Ex Taq II (Takara Bio, RR820A) according to the manufacturer's instructions. The primer sequences are listed in Supplemental Table S1 . The PCR conditions were 94 °C for 5 min, followed by 45 cycles of 94°C for 15 seconds and 60°C for 30 seconds, followed by the default dissociation protocol.
| Chromatin immunoprecipitation (ChIP)-qPCR
The ChIP assay was performed using Low Cell# ChIP kit (Diagenode, Seraing, Belgium) according to the manufacturer's instructions and as described previously. 39 Per IP reaction, 1 × 10 4 cells and 1 µg antibody were used. The primer sequences are listed in Supplemental Table  S2 . Quantitative PCR on the ChIP samples was performed using SYBR Premix Ex Taq II (Takara Bio) or KOD SYBR qPCR Mix (Toyobo, Osaka, Japan) according to the manufacturer's instructions, using the primers listed in Supplemental Table S2 .
| HP1γ re-expression assay by transfection of the HP1γ expressing plasmid vector
The HP1γ -and enhanced green fluorescent protein (EGFP)expressing plasmid vectors were constructed based on pCAG-GS vector. 40 Cbx3 cDNA was synthesized from total RNA of WT neurospheres using SuperScript III reverse transcriptase (Thermo Fisher Scientific). EGFP gene was amplified using PCR from the pEGFP-N1 (Clontech). These gene fragments were inserted downstream of the CAG promoter, respectively. The plasmids were electroporated into the neurospheres using Neon transfection system (Thermo Fisher Scientific). After 2 days of culture, we examined the transfection efficiency of EGFP gene using fluorescent microscopy. After 3 days of culture, the neurospheres were collected for qRT-PCR, western blotting, and ChIP-qPCR analyses. The expression amounts of HP1γ and other genes were determined using qRT-PCR and western blotting. We selected the samples in which the expression amounts of HP1γ in HP1γKO cells were between 0.8-and 2.0-fold that in WT cells. The expression amounts of neuronal genes in the neurospheres transfected with the HP1γ -expressing plasmid were compared with those in the cells from the same embryos transfected with the EGFP-expressing plasmid.
| Knockdown assay of Jmjd3 and Utx by transfection of the small interfering (si) RNA for Jmjd3 and Utx
ON-TARGET plus siRNA SMART pool for Jmjd3 and Utx, and the scramble siRNA for negative control were obtained from Dharmacon Inc. (USA). Small interfering RNAs were electroporated into the neurospheres using Neon transfection system under the same conditions described above. We examined the expression amounts of Jmjd3 and Utx using qRT-PCR, and we selected the samples in which the expression amounts of both Jmjd3 and Utx were under 0.5-fold compared with those in the cells transfected with scramble siRNA. The expression amounts of neuronal genes in the neurospheres transfected with siJmjd3/siUtx were compared with those in the cells from the same embryos transfected with scramble siRNA.
| Statistical analysis
Statistics were evaluated by Mann-Whitney U test following the evaluation for equality of variance between genotypes. A two-sided P value of <.05 was accepted as statistically significant. The results are expressed as mean + standard deviation (SD).
| RESULTS
| HP1γ KO neurospheres exhibit a tendency to differentiate
To examine the regions in the brains expressing HP1γ, X-gal staining was performed in 12-week-old and E18.5 Cbx3 (coding for HP1γ) heterozygous (Cbx3 +/− ) brains of 129B6 genetic background mice, expressing the βgalactosidase gene under the control of the Cbx3 promoter ( Figure 1A,B ). X-gal staining patterns indicated that HP1γ was expressed in various brain regions, particularly strongly in the ventricular zone and hippocampus including dentate gyrus, where neural stem cells reside. The in situ hybridization data of the Allen brain atlas (http:// www.brain -map.org/) support our observations. Among the HP1 family members, although Cbx1 (coding HP1β) mRNAs were barely detectable, Cbx5 (coding HP1α) and Cbx3 mRNAs were strongly expressed in embryonic whole brains and their amounts decreased with progression in the developmental stages (E14.5 to P14) ( Figure 1C) . These data suggested that HP1α and γ likely have some roles in neural stem cells and developing neural cells. Because most HP1γ KO mice on 129B6 genetic background are perinatal lethal, 32 the HP1γ KO brains at E18.5 just before birth were examined to analyze the brain development. Examination of the HP1γ KO brains at E18.5 in detail by Klüver-Barrera staining ( Figure 1D ) and MRI system ( Figure 1E ) revealed no obvious structural defects in HP1γ KO brains at E18.5, including the thickness of cortices ( Figure 1F ).
The C57BL/6 genetic background HP1γ KO pups were lighter than the WT and also perinatal lethal (Supplemental Figure 1 and Supplemental Table 3 ). A previous report showed that HP1β KO pups were perinatal lethal because of a respiratory defect caused by reduction of neuromuscular junctions on the diaphragms. 30 However, the HP1γ KO pups in our study had normal localization of postsynaptic acetylcholine receptors in neuromuscular junctions (Supplemental Figure 2 ). Because we could not obtain HP1γ KO adult mice, we analyzed HP1γ KO embryonic neurospheres instead of adult neural stem cells. Both Cbx5 and Cbx3 were strongly expressed in the WT neural stem cells (Figure 2A ), similar to that in whole brains ( Figure  1C ). Although the primary-cultured neurospheres from both WT and HP1γ KO mice displayed similar morphologies ( Figure  2B upper), the HP1γ KO neurospheres began to attach to the culture plates in quaternary culture (Figure 2B lower) . The number of HP1γ KO quaternary neurospheres adhered to the plates was more than WT neurospheres ( Figure 2C ). Because a previous study suggested that the attachment of neurospheres to culture plates triggered differentiation, 41 we performed immunostaining for cell-type markers to examine which cell lineages they differentiated into. Immunofluorescence analyses of quaternary neurospheres showed that attached HP1γ KO neurospheres expressed β-III-tubulin (neuronal protein) with significantly higher ratio than WT neurospheres, while the ratio of GFAP (glial cell-protein) was not different (Figure 2D,E) . The ratio of β-III-tubulin-positive HP1γ KO cells was also significantly higher than that of WT cells when tertiary neurospheres, not primary neurospheres, were forced to differentiate ( Figure  2F,G) . These results suggested that HP1γ KO cells displayed a greater tendency to differentiate to neurons than did WT cells.
We next examined the proliferation and cell cycle progression of floating neurospheres grown on ultralow attachment plates, where HP1γ KO quaternary neurospheres remained round and unattached. The proliferation rate of HP1γ KO neurospheres was comparable to that of the WT from primary to quaternary cultures ( Figure 3A) . The diameters of neurospheres were also comparable between HP1γ KO and WT neurospheres at each passage ( Figure 3B ). Flow cytometric analysis revealed that the population of each cell cycle stage was comparable between HP1γ KO and WT quaternary neurospheres ( Figure 3C,D) . 
| Expression of neuronal cell-specific genes is upregulated in HP1γ KO neurospheres
To compare the global gene expression between HP1γ KO and WT neurospheres, expression array analyses were performed. The gene expression patterns and chromatin modifications of floating HP1γ KO neurospheres (KO-F in Figure 4A ) versus floating WT (WT-F in Figure 4A ) neurospheres were compared. The floating HP1γ KO neurospheres (KO-F in Figure 4A ) of quaternary culture were collected separately from attached HP1γ KO neurospheres (KO-A in Figure 4A ) to exclude the effects of morphological changes. In HP1γ KO floating neurospheres, 101 genes were upregulated (P < .05, FC >1.5), while 108 genes were downregulated (P < .05, FC <1.5) compared to that in the WT floating neurospheres ( Figure 4B, category 1) .
We also compared the gene expression amounts between HP1γ KO floating (KO-F) and adhesive (KO-A) neurospheres ( Figure 4B , category 2). The genes included in both categories 1 and 2 were excluded from further analyses because the altered expression amounts of these genes might not be due to the HP1γ deficiency but related to morphological changes from floating to adhesion form. However, there was no gene common to both categories. Therefore, candidate genes for further analyses were 101 upregulated genes and 108 downregulated genes ( Figure 4B , shown in grey).
Gene ontology (GO) analyses indicated that the upregulated genes in HP1γ KO floating neurospheres versus WT were related to neuronal cell function and development (Table  1 , top), whereas the downregulated genes were involved in cellular processes (Table 1, bottom) . Among the upregulated genes, 30 genes associated with GO terms listed in Table 1 were selected for further analyses. To ensure reproducibility of the results of expression array, the expression amounts of these 30 genes in the newly prepared neurospheres derived from different embryonic brains were examined by qRT-PCR. The mRNA amounts of Camkk1, Celsr1, Cxcr7, and Htr3b were significantly increased and that of Igsf8 increased but was not significant ( Figure 4C ). Therefore, we selected these five genes for further histone modification analyses.
| H3K27me3 amounts are lower at the
TSSs of the upregulated genes in HP1γ KO neurospheres
We examined the amounts of H3K9me2/3 and H3K27me3 transcription repression marks at downstream sites of the TSSs of the five genes that were upregulated in HP1γ KO neurospheres. ChIP-qPCR analyses indicated that the amount of H3K27me3 at the TSSs of these genes was significantly lower in HP1γ KO neurospheres than in control neurospheres, while those of H3K9me2 and H3K9me3 remained unchanged ( Figure 5A ). Because upregulation of gene transcription can be caused by the increase of transcription activation marks like H3K4me3, we also examined the amounts of H3K4me3. However, H3K4me3 amounts were not changed in HP1γ KO neurospheres compared to those in control neurospheres, as were the amounts of histone H3 ( Figure 5B ). Western blot analysis of the global amounts of histone H3, H3K9me2/3, and H3K27me3 in whole cell lysates revealed that the amounts of H3K9me3 were marginally lower in HP1γ KO neurospheres than in WT neurospheres, whereas the amounts of H3K9me2 and H3K27me3 were comparable between the genotypes ( Figure 5C ).
| Higher occupancy of H3K27 demethylases at the TSSs of the upregulated genes in HP1γ KO neurospheres
Two mechanisms can potentially result in the reduction of H3K27me3 at the TSSs of the five genes tested in HP1γ KO neurospheres: decrease of the amounts of histone methyltransferase, and/or increase of the amounts of histone demethylases. The amount of EZH2 in HP1γ KO neurospheres at the TSSs was almost the same as that in the control, whereas the amount of the H3K27 demethylase, JMJD3, was significantly increased in the five genes ( Figure 6A ). Although the difference in the amount of other H3K27 demethylase, UTX, between control and KO neurospheres was not significant, UTX had a tendency to increase. The mRNA amounts of Ezh2, Jmjd3, and Utx were indistinguishable between HP1γ KO and WT neurospheres (expression array data). To further examine the involvement of H3K27 demethylases, the effects of an inhibitor of H3K27 demethylases, GSK-J4, on mRNA amounts and H3K27me3 amounts were analyzed. Extraneous supplementation of GSK-J4 had two significant effects on the HP1γ KO neurospheres compared to that on the control: (i) decreased mRNA amounts of examined genes ( Figure 6B) , and (ii) increased H3K27me3 occupancy at the TSSs of these genes ( Figure 6C ). Moreover, in HP1γ -re-expressed KO neurospheres, expression amounts of neuronal genes were significantly reduced, and the amount of JMJD3 around TSSs of these genes was also decreased compared with that in control neurospheres transfected with EGFPexpressing vector ( Figure 6D, Supplemental Figure 3 ). We also performed knockdown of Jmjd3 and Utx in HP1γ KO neurospheres using siRNAs. Compared with those in control neurospheres transfected with scramble siRNA, expression amounts of neuronal genes were significantly reduced in the neurospheres transfected with siRNA for Jmjd3 and Utx ( Figure 6E) . These results suggest that increased amounts of histone demethylase(s) might be the cause of upregulation of the neuronal genes in HP1γ KO neurospheres.
We also examined the mutually exclusive localization of HP1γ and JMJD3 by immunofluorescent microscopy. However, it was difficult to analyze the colocalization of epigenetic factors in neurospheres because the localization spots were not large enough for microscopic observation. Therefore, we analyzed the colocalization in mouse embryonic fibroblasts (MEFs) instead of in neurospheres. Small dotted signals of HP1γ, histone H3, H3K9me2/3 (positive control), SUV39H1, and JMJD3 were detected in MEFs (Supplemental Figure 5) . The dotted signals of HP1γ and histone H3 were spread all over the nucleus, whereas H3K9me2/3 was spotted on the constitutive heterochromatin regions. The dots of SUV39H1 and JMJD3 were spread not only in the nucleus, but also in the cytosol (Supplemental Figure 5 ). To analyze the merged signals correctly, these signals were examined using the optical sectioning module (Supplemental Figure 6A) . In MEFs, more H3K9me2/3 and SUV39H1 colocalized with HP1γ compared to histone H3, whereas JMJD3 did not (Supplemental Figure 6B) . These results suggested that HP1γ and JMJD3 showed mutually exclusive localization in MEFs. 
| DISCUSSION
The morphologies of HP1γ KO perinatal brains and neurospheres in early passages were indistinguishable from those of the WT. However, the HP1γ KO quaternary neurospheres corresponding to neural stem cells in juvenile mice 12 tended to attach to culture plates and expressed β-III-tubulin, indicating their tendency to differentiate to neuronal cells without induction. When WT tertiary neurospheres were cultured in differentiation-inducing medium, they primarily expressed GFAP, a marker of astrocytes, emerging after the neuronal differentiation stage in vivo. In contrast, HP1γ KO cells were more β-III-tubulin-positive than WT cells. These results suggest that, irrespective of induction of differentiation, HP1γ deficiency induced neuronal genes in the neural stem cells with increasing passage numbers. Expression array analyses and qRT-PCR revealed that neuronal gene expression amounts were increased in HP1γ KO neurospheres, even when they were not attached to plates, suggesting that they inherently had a tendency of neuronal cell differentiation. The mechanisms of HP1γ recruitment to neuronal genes are still unclear because there is no domain to recognize DNA sequence in HP1 family members including HP1γ. Among neuronal gene regulators, Methyl-CpG binding protein 2 (MeCP2) interacts with HP1γ and represses the expression of neuronal genes. 43, 44 Because MeCP2 recognizes neuronal genes not only by methyl-CpG but also by DNA sequence motifs enriched at neuronal genes, 45 MeCP2 might recruit HP1γ to neuronal genes precisely. Although MeCP2 binds to all HP1 family members, only the localization of HP1γ correlates with MeCP2 presence. 42 Therefore, HP1γ KO cells might show abnormalities in neuronal gene regulation because other family members cannot compensate for HP1γ deficiency. Surprisingly, not H3K9me2/3 but H3K27me3 occupancy was lower at the TSSs of genes whose expression amounts were increased in HP1γ KO neurospheres, although global H3K27me3 amounts did not decrease. The HP1 family members are dispensable for recruitment and maintenance of H3K9me2/3. 32, 46 Because H3K9me2/3 functions to maintain constitutive heterochromatin, its defects lead to chromatin instability and cell death. Indeed, HP1β depletion leads to instability of chromatin and interrupts the growth of neurospheres. 30 On the other hand, proliferation and cell cycle progression of HP1γ KO neurospheres were comparable to those of WT neurospheres. In addition, localization of postsynaptic acetylcholine receptors of neuromuscular junctions in HP1γ KO diaphragms was normal, and was different from that in HP1β KO pups. 30 One of the reasons for the perinatal lethality of HP1γ KO pups was metabolic defects, 47 distinct from the reason for the HP1β KO pups. Therefore, it is possible that H3K9me2/3 are maintained by other HP1 family members complementarily in neural stem cells.
Several studies demonstrated that the expression amounts of neuronal genes were affected by defects in histone modifiers. Deficiencies of RING1B, EZH2, and EED Polycomb group complex (PcG) proteins (H3K27me3 methylase-related factors) failed to repress neuronal genes in neural stem cells, accompanied by a reduction in H3K27me3 amounts. 12 The neurogenic program was active in Ezh2-mutated mouse ES cells 48 and in chick neural tubes, and knockdown of Jmjd3 reduced the number of neuronal cells. 49 Together, these results suggest that H3K27me3 is an important repressor of neuronal gene transcription. Our data also suggested that reduced occupancy of H3K27me3 at the TSSs might lead to increased expression of neuronal genes in HP1γ KO neurospheres. However, neither neural genes nor neuronal master genes such as Sox1, Pax6, or Neurogenin were affected in HP1γ KO neurospheres, suggesting that HP1γ might primarily repress genes involved in the maturation of neuronal cells and not play a role in their fate determination. While H3K27me3 is important for the repression of neuronal genes, DNA methylation and H3K9me3 are crucial for repression of astrocyte-specific genes during proliferation of neural stem cells and neuronal cell differentiation. [50] [51] [52] [53] Although HP1γ binds to H3K9me2/3, the expression of astrocyte-specific genes did not change in HP1γ KO neurospheres compared with that in WT neurospheres. We speculate that HP1α and HP1β also bind to H3K9me2/3 and that they might compensate for the deficiency of HP1γ.
There are two potential possibilities for the reduction of H3K27me3 at the TSSs; one is the decrease of PcG recruitment, and the other is the increase of amounts of H3K27me3 demethylases. Our results showed that the amounts of JMJD3 and UTX were increased at the TSSs of upregulated genes in HP1γ KO neurospheres, whereas the amounts of EZH2 at the same sites in HP1γ KO neurospheres remained unchanged compared to those in WT neurospheres. This suggested that H3K27me3 was removed by excessive H3K27me3 demethylase activity in HP1γ KO neurospheres. In fact, GSK-J4 increased H3K27me3 amounts at the TSSs of upregulated genes and decreased mRNA amounts of these genes in HP1γ KO neurospheres. These results suggest that accessibility of JMJD3 and UTX to these neuronal genes might be interrupted by HP1γ in WT neural stem cells, resulting in the repression of transcription activation of these neuronal genes when not needed. Coexistence and cooperation of H3K27me3 and HP1 were recently suggested, whereby H3K27me3 maintains the binding of HP1α to H3K9me3 in HT1080 human fibrosarcoma cells. 54 It had been suggested that a H3K27 methylase and HP1 interact with each other, and HP1 stably binds to and maintains H3K9me3. Our model of maintenance of H3K27me3 by HP1γ is different from the previously proposed mechanisms and is a novel mechanism to maintain histone modifications.
In this study, we could not demonstrate by direct microscopy that HP1γ eliminates JMJD3 and UTX from the HP1γ | 3967 NARUSE Et Al.
-binding site, or evaluate whether HP1γ and JMJD3 colocalize in neurospheres, and therefore, they are the subject of ongoing studies. Instead, mutually exclusive localization of HP1γ and JMJD3 in mouse embryonic fibroblasts was demonstrated. Similar mechanisms might cause exclusive localization of HP1γ and JMJD3 at micro heterochromatic regions in euchromatin that could not be detected microscopically in neurospheres.
In conclusion, our study suggests that loss of HP1γ results in the increase of mRNA amounts and decrease of H3K27me3 amounts of some neuronal genes without global change of H3K27me3 amounts. Amounts of the H3K27 demethylases increased at these gene loci in HP1γ KO neurospheres and the H3K27 demethylase inhibitor rescued the HP1γ -deficiency. Therefore, HP1γ might inhibit H3K27 demethylases that silence the expression of neuronal genes when they are unnecessary. Thus, HP1γ might function to silence the chromatin not only by recruiting heterochromatin-related proteins but also by disrupting the access of demethylases to the chromatin.
